Background-It is not presently known whether non-insulin-dependent diabetes mellitus (NIDDM) is associated with the presence of structural alterations in small arteries or whether the combination of hypertension and NIDDM may have an additive effect on endothelial dysfunction. Therefore, we investigated subcutaneous small arteries in 12 normotensive subjects (NT group), 18 patients with essential hypertension (EH group), 13 patients with NIDDM, and 11 patients with NIDDM and EH (NIDDMϩEH group). Methods and Results-Subcutaneous small arteries were evaluated by a micromyographic technique. The internal diameter, the media-to-lumen ratio, remodeling and growth indices, and the collagen-to-elastin ratio were calculated. Concentration-response curves to acetylcholine, bradykinin, the endothelium-independent vasodilator sodium nitroprusside, and endothelin-1 were performed. The media-to-lumen ratio was higher in the EH, NIDDM, and NIDDMϩEH groups compared with the NT group. EH patients showed the presence of eutrophic remodeling, whereas NIDDM and NIDDMϩEH patients showed 40% to 46% cell growth. The collagen-to-elastin ratio was significantly increased in the EH and NIDDMϩEH groups compared with the NT group. The vasodilatation to acetylcholine and bradykinin was similarly reduced in EH, NIDDM, and NIDDMϩEH groups compared with the NT group. The contractile responses to endothelin-1 were similarly reduced in EH, NIDDM, and NIDDMϩEH patients. Conclusions-Our data suggest that the effects of NIDDM and EH on small artery morphology are quantitatively similar but qualitatively different and that the presence of hypertension in diabetic patients has little additive effect on small artery morphology and none on endothelial dysfunction. (Circulation. 2001;103:1238-1244.) 
T he structure of small resistance arteries (lumen diameter, 100 to 300 m) may be altered in the presence of cardiovascular or metabolic diseases. Essential hypertension (EH) is associated with a narrowing of the internal lumen and an increase of the media wall thickness, with a consequent increase in the media-to-lumen ratio. 1 The increase in the media-to-lumen ratio may be due to eutrophic remodeling (rearrangement of otherwise normal material around a narrowed lumen) or hypertrophic remodeling (vascular smooth muscle cell hypertrophy or hyperplasia). 2 Eutrophic remodeling of subcutaneous small arteries is commonly seen in EH, whereas inward hypertrophic remodeling, with evident smooth muscle cell growth, is seen in renovascular hypertension. 3, 4 Neurohumoral factors are probably involved in the genesis of vascular structural alterations, and growth factors such as angiotensin II seem to be able to induce smooth muscle cell hypertrophy. 5 In addition, insulin and insulin-like growth factor-1 seem to be able to stimulate cardiac and vascular smooth muscle cell growth. 6 Non-insulin-dependent diabetes mellitus (NIDDM) is characterized by high levels of circulating insulin, and it is frequently associated with arterial hypertension. 7 It has been previously demonstrated that hyperinsulinemia induces an increase in the media-tolumen ratio of small intramyocardial arterioles of spontaneously hypertensive rats 8 (defined as "hypertrophy," although no evaluation of the media cross-sectional area was performed). Cruz et al 9 reported that long-term insulin infusion into one femoral artery in the dog caused vascular hypertrophy only in the ipsilateral side. 9 Therefore, it is possible that metabolic abnormalities characteristic of NIDDM may have an important role in the genesis of structural alterations of small resistance arteries and, consequently, in the development of the organ damage and disease frequently observed in NIDDM (ie, ischemic heart disease, renal disease, and ocular damage).
In a previous study, 10 no difference in subcutaneous small artery structure was observed between control subjects and patients with insulin-dependent diabetes mellitus. In contrast, forearm minimal vascular resistance (an indirect index of resistance artery structure) was greater in NIDDM patients than in normotensive (NT) controls. 11 However, no data obtained with direct, reliable techniques are presently available on small artery structure in human NIDDM.
Remodeling of small arteries may be associated with changes in the proportion of elastin and collagen in the arterial wall 12 and, conversely, these changes may influence the type of remodeling. In addition, an impairment of endothelial function, as evaluated by the vasodilator response to acetylcholine, has been detected in human small arteries in EH, 3, 13 insulin-dependent diabetes mellitus, 10,14 -17 and NIDDM. 18, 19 However, it is not presently known whether the simultaneous presence of hypertension and NIDDM may have a cumulative adverse effect on the endothelial function of small arteries. Given all these considerations, we aimed to investigate structural changes and the endothelial function of subcutaneous small arteries of NT and hypertensive patients with NIDDM using a precise and reliable micromyographic technique.
Methods
Twelve NT subjects, 18 patients with EH, 15 patients with NIDDM, and 15 patients with NIDDM and EH (NIDDMϩEH) were included in the study. Their age ranged from 40 to 70 years. The presence of hypertension was established using International Society of Hypertension/World Health Organization guidelines, and the presence of NIDDM was established according to the Guidelines of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. The majority of the NT subjects and those with EH were not enrolled in previous studies from our group and entered the study concurrently. "Overlapping" was Ͻ15%.
Venous blood samples were taken with the participants in the supine position, after a washout period of Ն2 weeks, for standard hematology and serum biochemistry tests (including triglycerides and total cholesterol). In addition, glycated hemoglobin (Hb A 1c ), circulating insulin and C-peptide levels (RIA), and microalbuminuria (nephelometric method) were measured.
Echocardiography
In all subjects, a standard echocardiographic evaluation (HP Sonos 5000, Hewlett Packard) was performed. Left ventricular internal dimensions and left ventricular posterior wall and interventricular septum thicknesses were measured according to the recommendations of the American Society of Echocardiography. 20 Left ventricular hypertrophy was considered present if the left ventricular mass index exceeded 110 g/m 2 in women and 131 g/m 2 in men. For further technical details, see the article by Muiesan et al. 21 
Micromyography
All participants underwent a biopsy of subcutaneous fat from the gluteal region (3 cm long, 0.5 cm wide, and 1.5 cm deep). 22 Small arteries (average diameter in relaxed conditions, Ϸ100 to 280 m; 2 mm long) were dissected from the subcutaneous fat of the biopsies and mounted as a ring preparation on an isometric myograph (410 A, JP Trading) by threading onto 2 stainless steel wires (40 m in diameter). Details about the micromyographic technique of evaluating small artery morphology were previously reported. 3, 23 A calculation of the remodeling and growth indices was then performed using the technique of Heagerty and coworkers. 2 The remodeling index 24 quantifies how much of the vascular structural alteration may be explained by a rearrangement of the same material around a narrowed lumen, without cell growth.
The vessels were then stimulated as follows. (1) Three stimulations (2 minutes for each) with physiological saline solution (PSS) replaced NaCl by KCl on an equimolar basis (K-PSS), and 2 stimulations with K-PSS contained 10 mol/L norepinephrine.
(2) Cumulative dose-response curves to acetylcholine were determined at the following concentrations (3 minutes per concentration) after precontraction with 5 mol/L norepinephrine: 10 -9 , 3·10 -9, 10 -8 , 3 ⅐ 10 -8 , 10 -7 , 3 ⅐ 10 -7, 10 -6 , 3 ⅐ 10 -6 , and 10 -5 mol/L. (3) Cumulative concentration-response curves to bradykinin were determined at the following concentrations (3 minutes per concentration) after precontraction with 5 mol/L norepinephrine: 10 -10 , 10 -9 , 10 -8 , 10 -7 , and 10 -6 mol/L . (4) Concentration-response curves to sodium nitroprusside (10 -9 , 10 -8 , 10 -7 , 10 -6 , and 10 -5 mol/L) were performed (endothelium-independent vasodilatation). (5) Finally, cumulative concentration-response curves to endothelin-1 were determined at the following concentrations (7 minutes per concentration): 10 -11 , 10 -10 , 10 -9 , and 10 -8 mol/L.
To obtain further information about the mechanisms underlying endothelial dysfunction in hypertension, the following procedures were performed. (1) A cumulative dose-response curve to acetylcholine was determined in the presence of N-nitro-L-arginine methyl ester (L-NAME; 300 mol/L; a inhibitor of nitric oxide synthase), indomethacin (10 mol/L; an inhibitor of cyclooxygenase), L-NAME and indomethacin, and L-NAME plus ouabain (1 mmol/L; a blocker of ATP-dependent sodium-potassium exchanger). (2) Cumulative dose-response curves to acetylcholine and bradykinin were determined after mechanical removal of endothelium (gently rubbing the internal vascular surface).
The average values obtained from 2 vessels in each experiment were considered. The responses to acetylcholine, bradykinin, and sodium nitroprusside were expressed as the percent decrease of wall tension. The responses of blood vessels to endothelin-1 were expressed as wall tension (active force divided by 2 times the segment length) and as active media stress (wall tension divided by the media thickness). References 3 and 25 provide further details. The protocol of the study was approved by the ethics committee of our institution (Medical School, University of Brescia), and informed consent was obtained from each participant. The procedures followed were in accordance with institutional guidelines.
Determination of the Composition of Small Artery Walls
Composition of the media of small artery walls was studied by electron microscopy. 12 Ultrathin sections (70 to 90 nm) were cut by a microtome (Reichert Ultracut, Leica) and stained with 0.25% phosphotungstic acid for 10 minutes (to enhance the elastin contrast), 4% uranyl acetate for 30 minutes, and lead citrate for 3 minutes. The sections were examined with a Philips CM 10 electron microscope. Vessels were divided in 4 quadrants, and 3 electron micrographs were taken randomly in each quadrant for a total of 10 to 12 electron micrographs per vessel. Electron micrographs were examined at the original magnification of 4000ϫ and enlarged by a factor of 3 for a final magnification of 12 000ϫ. Standard point counting 26 was used to determine the relative area occupied by collagen and elastin fibers within the vessel tunica media ( Figure 1 ) and to calculate the collagen-to-elastin ratio.
Statistical Analysis
All data are expressed as meanϮSEM, unless otherwise stated. One-way ANOVA and Bonferroni's correction for multiple comparisons were used to evaluate differences among groups. The relation between continuous variables was evaluated by linear regression. Two-way ANOVA for repeated measures was used for doseresponse curves to acetylcholine, bradykinin, endothelin-1, and sodium nitroprusside (groupϫconcentration). All analyses were performed with the BMDP statistical package.
Results

Demographic Data
The demographic, hemodynamic, and humoral data are reported in Table 1 . As expected, systolic and diastolic blood pressures were significantly higher in patients with EH and NIDDMϩEH than in NT subjects or in patients with NIDDM. Fasting glucose was higher in the 2 groups of diabetic patients compared with NT subjects or with patients with EH. Body weight and body surface area were increased in patients with NIDDMϩEH compared with NT subjects. Serum cholesterol or triglycerides were not significantly different among the groups, although patients with NIDDM or NIDDMϩEH tended to have higher values. No signs of renal impairment were observed. The 24-hour albuminuria level was similar in the 2 groups of diabetic patients. Left ventricular mass index was significantly greater in patients with high blood pressure (EH and NIDDMϩEH) than in NT subjects. Six patients with EH, 1 patient with NIDDM, 5 patients with NIDDMϩEH, and 0 NT subjects had left ventricular hypertrophy (according to the previously mentioned criteria). Patients with NIDDM and NIDDMϩEH had similar values of circulating insulin and C-peptide. Circulating insulin levels were significantly greater in patients with NIDDM than in NT subjects.
Subcutaneous Small Arteries
Media-to-lumen ratio, media thickness, and wall thickness were significantly greater and the normalized internal diameter was significantly smaller in patients with EH, NIDDM, and NIDDMϩEH compared with NT subjects (Table 2) . Moreover, patients with NIDDMϩEH had a significantly higher media-to-lumen ratio compared with those with EH and NIDDM. The media cross-sectional area was significantly greater in patients with NIDDM compared with NT subjects, whereas the difference between patients with NIDDMϩEH and NT was of borderline statistical signifi- cance (Pϭ0.06 without correction for multiple comparisons; Table 2 ). Patients with EH showed the presence of eutrophic remodeling, as suggested by a remodeling index close to 100%, whereas patients with NIDDM and NIDDMϩEH showed a remodeling index of 40% to 46%. A weak but statistically significant correlation between media-to-lumen ratio and levels of circulating insulin (rϭ0.35, PϽ0.05) was observed in the 30 patients with diabetes mellitus (separated r values: NIDDM, 0.32; NIDDMϩEH, 0.37). No significant correlation was observed in NT and EH patients (rϭ0.07 and Ϫ0.03, respectively).
A significant increase in the collagen content of the media of small arteries was observed in EH, NIDDM, and NIDDMϩEH patients compared with NT subjects (PϽ0.05). The collagen-to-elastin ratio was significantly greater in EH and NIDDMϩEH patients than in NT subjects (Figure 1) . Three NIDDMϩEH and 4 EH patients were previously treated with calcium antagonists or ACE inhibitors for Ͻ6 months. None was treated with angiotensin II type 1 antagonists. The data obtained after the exclusion of these patients were completely superimposable to those obtained in the whole group or in the remaining patients.
Endothelial Function
The vasodilatation to acetylcholine and bradykinin was significantly reduced in EH patients (ANOVA PϽ0.01 and Ͻ0.05, respectively, versus NT subjects), NIDDM patients (ANOVA PϽ0.0001 and Ͻ0.01, respectively, versus NT subjects), and NIDDMϩEH patients (ANOVA PϽ0.01 and Ͻ0.05, respectively, versus NT subjects; PϭNS versus other groups; Figure 2) . No difference among groups was observed in the responses to sodium nitroprusside (Figure 3 ). The contractile response to endothelin-1 was similarly reduced in EH, NIDDM, and NIDDMϩEH patients ( Figure 3 ing vasodilatation was completely blocked by ouabain (Table  3) . No change was observed when indomethacin was added to the organ bath ( Table 3 ). The mechanical removal of endothelium completely abolished vasodilatation to acetylcholine or bradykinin.
Discussion
This study evaluated small artery structure in NT and hypertensive patients with NIDDM for the first time using a direct, reliable, and well-assessed technique. The main result of our study is that hypertensive and NT patients with NIDDM show the presence of structural abnormalities in the resistance arteries, as indicated by an increased media-to-lumen ratio, and that these alterations are characterized by inward hypertrophic remodeling, rather than by eutrophic remodeling, which is usually observed in patients with EH. 2 However, it is not presently known whether eutrophic and hypertrophic remodeling have different underlying pathogenetic mechanisms or a different natural history or whether they are differently modified by appropriate treatment. Our data also suggest that structural alterations in the vasculature are not the sole determinant of blood pressure, because they are present in both NT and hypertensive patients with NIDDM. Similar dissociations between vascular structural alterations and blood pressure values were previously observed in animal models of genetic and experimental hypertension. 25, 27 A possible explanation may be that a complex interplay between structural and functional factors is needed for blood pressure rise.
The presence of hypertrophic remodeling seems to be a characteristic of patients with NIDDM, although we previously observed smooth muscle cell hypertrophy in patients with renovascular hypertension in whom a pronounced activation of the renin-angiotensin system was present. 2, 4 It has been suggested that insulin or other related substances may have a role in promoting vascular cell growth. 6 The observation of a significant correlation between plasma insulin concentrations and the media-to-lumen ratio of subcutaneous small arteries in our patients suggests, although it does not prove, that the hormone has an important role in the genesis of vascular structural alterations in patients with NIDDM. Because we did not measure smooth muscle cell size, we cannot safely attribute hypertrophic remodeling to either cell hypertrophy or hyperplasia.
In the present study, we observed an increase in collagen deposition in small arteries of patients with EH and NIDDMϩEH. Patients with NIDDM showed a greater percent wall area occupied by collagen fibers compared with NT subjects, and the collagen-to-elastin ratio tended to be increased in NIDDM patients, although the difference did not reach statistical significance. Changes in extracellular matrix components may have a relevant role in the process of vascular remodeling, 12 and they may be triggered by different hemodynamic or humoral factors. Our data suggest that the relative proportion of collagen to elastin fibers may be modified mainly in the presence of an increased hemodynamic load. It is possible that growth factors like insulin exert a more potent effect on the cellular components of the tunica media of small arteries, whereas an increased hemodynamic load mainly influences wall mechanics and extracellular matrix composition, as expressed by changes in the relative ratio between more versus less distensible components of the media (elastin versus collagen). 12 In this study, no increase in left ventricular mass was observed in patients with NIDDM. A possible explanation is that cardiac mass is more directly influenced by the hemodynamic load than by growth factors, whereas the opposite seems to be true for subcutaneous small arteries. Endothelial cells have important regulatory effects on the cardiovascular system through the release of vasodilator and vasoconstrictor factors. In addition, platelet aggregation and leukocyte extravasation through the endothelium may be influenced by locally produced compounds. Therefore, endothelial damage and dysfunction may contribute to inflammatory and thrombotic vascular lesions. Hypertensive patients 3, 13 and patients with insulin-dependent diabetes mellitus 10 show the presence of an impairment of endothelial function in small arteries, as evaluated by direct methods, whereas similar data in NIDDM patients are lacking. Our study demonstrated the presence of impaired dilatation to acetylcholine and bradykinin in the subcutaneous small arteries of patients with NIDDM and NIDDMϩEH. However, the presence of the 2 cardiovascular risk factors together did not induce a further worsening of endothelial function. A possible explanation is that, both in hypertension and in diabetes mellitus, oxidative stress, resulting from the vascular production of free radicals and/or cyclooxygenase-dependent substances, may reduce nitric oxide bioavailability. If the pathogenetic mechanism of endothelial dysfunction is similar in the 2 conditions, no additive effect may be expected.
A second important point relates to the mechanisms of endothelial dysfunction in the small resistance arteries of hypertensive and diabetic patients. In patients with EH, vasodilator responses to acetylcholine and bradykinin infused into the brachial artery are not usually blocked by inhibitors of nitric oxide synthase (ie, L-NMMA), 28 whereas in NT subjects, the inhibitory effect of L-NMMA is preserved. 28 In the subcutaneous small arteries of patients with EH and in those with NIDDM or NIDDMϩEH, inhibitors of nitric oxide synthase are able to block Ϸ50% of the vasodilator effect of acetylcholine or bradykinin, whereas the remaining vasodilatation is blocked by ouabain, thus suggesting that the production of both nitric oxide and endothelium-derived hyperpolarizing factor may be involved. No effect was observed when indomethacin was added to the organ bath; therefore, the production of cyclooxygenase-dependent substances seems to be of minor importance, at least in our experimental model.
In the present study, reduced vascular responsiveness to endothelin-1 was also observed. Similar evidence was previously available only for hypertensive patients. 29 The result can be explained, at least in part, by downregulation of the endothelin receptors on vascular smooth muscle as a consequence of increased production or biological activity of the peptide. 30 In conclusion, our data suggest that the effects of diabetes mellitus and EH on small artery morphology are quantitatively similar (despite the presence of a different hemodynamic load) but qualitatively different (hypertrophic versus eutrophic remodeling) and that the presence of hypertension in diabetic patients has little additive effect on small artery morphology. An evident endothelial dysfunction has been detected in patients with NIDDM, and the simultaneous presence of EH did not seem to exert an additive effect. The contractile responses to endothelin-1 were significantly reduced. Whether appropriate antihypertensive and/or antidiabetic therapy in NIDDM and NIDDMϩEH patients may be associated with a regression of the structural alterations of small subcutaneous arteries deserves further investigation.
